Ruminiclostridium cellulolyticum produces extracellular cellulosomes which contain interalia numerous family-9 glycoside hydrolases, including the inactive Cel9V. The latter shares the same organization and 79% sequence identity with the active cellulase Cel9E. Nevertheless, two aromatic residues and a four-residue stretch putatively critical for the activity are missing in Cel9V. Introduction of one Trytophan and the four-residue stretch restored some weak activity in Cel9V, whereas the replacement of its catalytic domain by that of Cel9E generated a fully active cellulase. Altogether our data indicate that a series of mutations in the catalytic domain of Cel9V lead to an essentially inactive cellulase.
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Ruminiclostridium cellulolyticum
The anaerobic and mesophilic bacterium Ruminiclostridium cellulolyticum (formerly known as Clostridium cellulolyticum [1] ) produces large extracellular multiprotein complexes termed cellulosomes [2] [3] [4] [5] , which enable the bacterium to use cellulose and other plant cell wall polysaccharides like xylan as a carbon and energy source [6, 7] . The cellulosomes are composed of a single primary scaffoldin protein named CipC which displays a CBM3a targeting cellulose, two 92 modules of unknown function(s), and eight cohesin modules, which strongly interact with a complementary module borne by the catalytic subunits and called the dockerin [8] . The sequence of the genome was released in 2008 and revealed the presence of 62 genes that putatively encode dockerin-containing proteins [6] . Proteomic analyses have shown that more than 30 different dockerin-containing proteins participate to the cellulosomes, thereby indicating that R. cellulolyticum secretes heterogeneous populations of cellulosomes with different enzyme compositions [6] . Furthermore, 29 dockerin-containing subunits including the major cellulases Cel48F and Cel9E [9] are detected in the cellulosomes whatever growth substrate is used (pure cellulose, pure xylan, or hatched wheat straw) [6] . In contrast, some other subunits are mainly detected in the cellulosomes when the bacterium grows Abbreviations CBM4, family-4 carbohydrate binding module; CMC, carboxymethyl cellulose; G1, G2, G3 . . ..G6, glucose, cellobiose, cellotriose . . ..cellohexaose; GH9, family-9 glycoside hydrolase; HPAEC-PAD, high-pressure anion exchange chromatography coupled with pulsed amperometric detection; PASC, phosphoric acid-swollen cellulose. on a particular polysaccharide, thus showing that R. cellulolyticum can to some extent adapt the enzymatic composition of the cellulosomes to the available substrate [6] .
Among the components which are systematically detected in the cellulosomes are found 12 different family-9 glycoside hydrolase (GH9) enzymes. They were recently characterized, and most of them were described as cellulases displaying variable activity patterns on cellulosic substrates and different relationships with key cellulosomal cellulases such as Cel48F and Cel9E, in artificial hybrid minicellulosomes [10] . One of these 12 GH9 enzymes, Cel9X, was found to be the first GH9 enzyme that specifically degrades xyloglucan but exhibits no activity on soluble or insoluble cellulose [10, 11] . Another GH9 enzyme, Cel9V, is also intriguing, since this putative enzyme surprisingly displayed no activity on all tested cellulosic and hemicellulosic substrates. Moreover, the mature protein shares 79% sequence identity with the active Cel9E and exhibits the same modular organization: an N-terminal family-4 carbohydrate-binding module (CBM4), an Ig-like module, a GH9 catalytic module and a C-terminal dockerin. Circular dichroism spectra of Cel9V were superimposable to that of Cel9E, suggesting it is folded [10] . Furthermore, its CBM4 was found functional as Cel9V can efficiently bind to amorphous cellulose, whereas its C-terminal dockerin strongly interacts with an R. cellulolyticum cohesin module [10] .
In the present study, the causes of the inactivity of Cel9V were explored by sequence comparison, sitedirected mutagenesis, and domain exchange using as a template the active highly homologous enzyme Cel9E.
Materials and methods

Strains and plasmids
The vectors encoding the various modified Cel9V and chimeric enzymes were constructed by overlap extension PCR (the list of primers is provided in Table S1 ), using the vectors pET28a-Cel9V and pET28a-Cel9E [10] as the templates, encoding the wild-type mature Cel9V and Cel9E, respectively. Amplicons were cloned in pET28a-Cel9V at EcoR1/XhoI sites. The DH5a Escherichia coli strain was used as the host strain for cloning and positive clones were verified by DNA sequencing. The BL21(DE3) E. coli strain (NEB, Ipswich, MA, USA) was used as production strain.
Protein production and purification
Cel9E and Cel9V were produced and purified as formerly reported [10] . The various Cel9V variants were essentially produced in E. coli and purified like the wild-type Cel9V. Briefly, The BL21(DE3) strains overproducing the various Cel9V variants were grown in 2.5-L toxin flasks at 37°C in Lysogeny Broth supplemented with 50 lM kanamycin until A 600 = 2 AE 0.2. The culture was then cooled down, and induction of the expression was performed for 16 h at 16°C with 50 lM isopropyl thio-b-D-galactoside. At the end of the induction phase, the cells were harvested by centrifugation (3000 g, 15 min at 4°C) and resuspended in 30 mM Tris-HCl pH 8.0, 1 mM CaCl 2 , supplemented with few milligrams of DNAse I (Roche, Mannheim, Germany), and broken using a French press. The extract was centrifuged 15 min at 20 000 g (at 4°C) and loaded on 2-5 mL of nickel-nitrilotriacetic acid resin (Qiagen, Hilden, Germany) equilibrated in the same buffer. The proteins of interest were then eluted with 100 mM imidazole in 30 mM Tris-HCl pH 8.0, 1 mM CaCl 2 . The purification of the recombinant proteins was achieved on Q-sepharose fast flow (GE Healthcare, Uppsala, Sweden) equilibrated in 30 mM Tris-HCl pH 8.0, 1 mM CaCl 2 . The proteins of interest were eluted by a linear gradient of 0-500 mM NaCl in 30 mM Tris-HCl pH 8.0, 1 mM CaCl 2 . In the case of Cel9V VNGT , Cel9V N517Y/VNGT , Cel9V C641W/VNGT , and Cel9V N517Y/C641W/VNGT , an additional chromatography was required to achieve the purification. The fraction containing the protein of interest was concentrated by ultrafiltration to 2 mL, and purification was achieved by gel filtration on a Superdex 200 10/300 GL resin (GE Healthcare) equilibrated in 50 mM potassium phosphate pH 7.0, 150 mM NaCl. The purified proteins were dialyzed by ultrafiltration against 10 mM Tris-HCl pH 8.0, 1 mM CaCl 2 , and stored at À80°C. The concentration of the proteins was estimated by absorbance at 280 nm in 25 mM sodium phosphate, pH 6.5, using the program ProtParam tool (https://web.expasy. org/protparam/).
In the case of the chimeric enzyme Cel9E-catV, the cytoplasmic production of the protein in E. coli led to the formation of inclusion bodies at all tested temperatures (14.5-18°C) and inducer concentrations (50-250 lM) upon induction of the expression. Attempts to refold and solubilize Cel9E-catV using either the ionic liquid choline dihydrogene phosphate [12] , or 8 M urea [13] from purified inclusion bodies were performed. In the case of the ionic liquid, the E. coli crude extract containing the CelE-catV inclusion bodies was centrifuged at 14 000 g for 10 min at 4°C, and the pellet was washed once with distilled water, and resuspended in a mix of H 2 O : ion pair at a 4 : 1 ratio. The solution was incubated at 20°C under mild stirring for 2 h, and centrifuged at 14 000 g for 10 min (room temperature). The supernatant was diluted fivefold in the buffer 10 mM Tris-HCl pH 8, 1 M potassium acetate (buffer A), and loaded on a phenyl sepharose resin (6 mL; GE Healthcare) equilibrated in the same buffer. A linear gradient Buffer A/water was used to elute the bound proteins. The chimeric enzyme did not bind to the resin, and rapidly aggregated during the chromatography. Alternatively, the pellet containing the inclusion bodies was resuspended in 30 mM Tris-HCl, 8 M urea, 1 mM CaCl 2 , and 10 mM b-mercaptoethanol, and incubated 1 h at room temperature under vigorous stirring. The suspension was then loaded on 2 mL of nickel-nitrilotriacetic acid resin equilibrated in the same buffer. The protein of interest was eluted using the buffer 50 mM sodium acetate pH 4.8, 8 M urea, 1 mM CaCl 2 , and 10 mM b-mercaptoethanol. The fraction containing the chimeric enzyme was very slowly diluted up to 10-fold at room temperature with the same buffer without urea. The diluted fraction was subsequently dialyzed against 25 mM Tris-HCl pH 7.5, 1 mM CaCl 2 at room temperature. The hybrid enzyme completely precipitated during the dialysis step.
Enzyme activity
Activity at 37°C on carboxymethyl cellulose (CMC) medium viscosity (Sigma, St Louis, MO, USA), was determined by mixing 4 mL of substrate solution at 10 g/L (CMC) in 20 mM Tris-maleate, pH 6.0, 1 mM CaCl 2 , 0.01% (w/v) azide with 40 lL of an appropriate dilution of enzyme. At specific intervals, 0.5-mL aliquots were cooled down in ice and analyzed for reducing sugars content using the Park and Johnson method [14] and glucose (0-150 lM) as the standard. Phosphoric acid-swollen cellulose (PASC) was prepared as formerly described [15] . Activity at 37°C on insoluble substrates like Avicel (PH101, Fluka, Buchs, Switzerland) and PASC was performed at a substrate concentration of 3.5 g/L under mild shaking (60 r.p.m.). Eight hundred-microliter aliquots were pipetted at specific intervals and centrifuged at 4°C for 10 min at 10 000 g. The supernatants were analyzed for soluble released sugars by the Park and Johnson method [14] and/or high-pressure anion exchange chromatography coupled with pulsed amperometric detector (HPAEC-PAD) as follows. Two hundred microliters of supernatant was mixed with 50 lL of 0.5 M sodium hydroxide and applied to a Dionex CarboPac PA1 column (4 9 250 mm) preceded by the corresponding guard column (4 9 50 mm). Elution was performed with the buffers 0.1 M sodium hydroxide and 0.5 M sodium acetate in 0.1 M sodium hydroxide as the eluents A and B, respectively, using the following multistep procedure: isochratic separation (5 min, 95% A + 5% B), separation gradient (8 min, 10-37% B), column wash (2 min, 99% B), and subsequent column equilibration (2.5 min, 95% A + 5% B). Kinetics on cellodextrins ranging from cellobiose to cellohexaose were performed by incubating at 37°C 10 lL of an appropriate dilution of enzyme with 90 lL of substrate at 1.11 mM in 20 mM Trismaleate, pH 6.0, 1 mM CaCl 2 , 0.01% (w/v) sodium azide. Sampling of 20 lL was performed at specific intervals and mixed with 180 lL of water and 50 lL of 0.5 M sodium hydroxide prior to analysis by HPAEC-PAD as described above. Injection of samples containing glucose, cellobiose (Sigma), cellotriose, cellotetraose, cellopentaose, and cellohexaose (Megazyme, Bray, Ireland), at known concentrations (5-100 lM) was used to identify and quantitate the cellodextrins released by the enzymes. Activities are given in iu/lmol (lmol of product released per min and per lmol of enzyme).
Results
The genome of R. cellulolyticum encodes 12 cellulosomal GH9 enzymes which are detected in the cellulolytic macrocomplexes when the bacterium is grown on either cellulose, xylan, or hatched wheat straw [6] . Among these enzymes, Cel9V exhibited unusual properties. This "enzyme" is highly similar to the active endoprocessive cellulase Cel9E (79% sequence identity), displays functional N terminus CBM4 as well as C terminus dockerin module (Fig. 1) , and generates CD spectra [10] very similar to that of Cel9E, suggesting the recombinant form produced in E. coli is folded. Nevertheless, Cel9V was reported to be inactive on soluble (CMC, cellodextrins) and insoluble (PASC, Avicel) cellulose and on various hemicellulosic polysaccharides (xylan, barley glucan, xyloglucan, and laminarin) [10] , despite the presence of the predicted catalytic triad of the nucleophile/base (Asp350 and Asp353) and acid (Glu761) highly conserved in GH9 cellulases, and indeed in Cel9E and other GH9 enzymes exhibiting the same modular organization [CBM4-Ig-like domain-GH9 catalytic domain-(dockerin module)] called Theme D [16] (Figs 1 and 2) .
In the present study, Cel9V was again assayed using cellohexaose (G6), a substrate that is rapidly hydrolyzed by 0.1 lM of Cel9E. It was observed that using an elevated concentration of Cel9V (10 lM) and an extended incubation time (24 h) at 37°C, a slight fraction of the substrate was hydrolyzed into G4, G3, and G2 (Fig. 3B) , thereby indicating that Cel9V is not totally inactive. However, with an estimated specific activity of 3Á10 À3 iu/lmol, Cel9V is approximately 16 000 times less active than Cel9E on cellohexaose (Fig. 3A) , suggesting that the active site of Cel9V is considerably altered with respect to that of the active homologous cellulase.
Sequence comparison with Cel9E
As shown in the sequence alignment of the catalytic domains of Cel9E and Cel9V reported in Fig. 2 , the dissimilarities between both GH9 enzymes seem minor. Nevertheless, three positions exhibit some noticeable variations. The tyrosine occupying the position 516 in Cel9E, which is highly conserved among GH9 enzymes and was shown to coordinate the substrate at subsite -1 in the homologous enzyme Cel9A from Alicyclobacillus acidocaldarius [17] , is replaced in Cel9V by an asparagine at the corresponding position (Asn517).
Similarly, Cel9V displays a cysteine (Cys641) in place of Trp641 in Cel9E. Although this aromatic residue is less strictly conserved since tyrosine, phenylanine, or isoleucine are sometimes found at the corresponding position in other GH9 enzymes, it is also expected to play an important role in the active site by "sandwiching" a glucosyl residue at subsite-2 [17] . The third significant difference is related to a four-residue section spanning from Val663 to Thr666 in Cel9E (Fig. 2) . This short sequence is not strictly conserved among GH9 enzymes displaying the same overall organization (Theme D: CBM4-Ig-GH9(-doc)) as other four-residue sequences are found at the corresponding location, but surprisingly it is completely absent in Cel9V. According to the available crystal structure of similar GH9 enzymes and protein structure prediction using the I-TASSER server [18] (Fig. S1 ), these four residues are assumed to be part of a short loop connecting two ahelices on the other side of the catalytic domain with respect to the active site. Consequently, the absence of these residues in Cel9V may engender an even shorter interhelix loop that may affect the orientation of the upstream and downstream a-helices and indirectly alter the geometry of the active site.
Activity of Cel9V variants on cellohexaose
On the basis of these observations, three modified Cel9V were produced in E. coli and purified: Cel9V N517Y , Cel9V C641W , and Cel9V VNGT . The latter corresponds to a modified Cel9V which contains the four-residue stretch Val-Asn-Gly-Thr found in Cel9E that was introduced between the residues Asn662 and Lys663. The modified enzymes were assayed at high enzyme concentration on cellohexaose (G6) as described above and displayed different activity patterns. The replacement of Cys641 by a Trp had no significant effect on the activity on G6 (Fig. 3C , Table 1 ), whereas the mutation Asn517?Tyr abolished the weak activity of Cel9V (Fig. 3D ). In contrast, The introduction of the four-residue sequence Val-Asn-Gly-Thr improved approx. 10-fold the specific activity compared to wild-type Cel9V (Fig. 3E , Table 1 ). As for wild-type Cel9V, Cel9V VNGT preferentially releases cellotriose, whereas the most abundant cellodextrin generated by Cel9E on G6 is cellobiose (Fig. 3A) . These results prompted us to produce and purify new modified Cel9V exhibiting various combinations of the above mutations. The protein harboring a Tyr and a Trp at positions 517 and 641, respectively, was found much less active than wild-type Cel9V or Cel9V C641W (Fig. 3F and Table 1 ). In contrast, Cel9V N517Y/VNGT (Fig. 3H) was slightly more active (1.3-fold) than Cel9V VNGT , whereas Cel9V C641W/VNGT displayed a 25-and 2.5-fold (Fig. 3G, Table 1 ) improved activity compared to wild-type Cel9V and Cel9V VNGT , respectively. Nevertheless, the additional mutation Asn517?Tyr in the variant Cel9V N517Y/ C641W/VNGT (Fig. 3I) , severely hampered the activity (Table 1) . Thus, the simultaneous presence of a Tyr at position 517 and a Trp at position 641 in the active site of Cel9V is deleterious, although these aromatic residues are expected to play a pivotal role in catalysis and are well conserved among GH9 enzymes, including Cel9E. The most active variant Cel9V C641W/VNGT was further characterized. G5  G1  G2  G3 G4 G6   G1  G2  G3 G4 G5G6 2. 
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Characterization of Cel9V C641W/VNGT
The modified enzyme Cel9V C641W/VNGT also displayed improved activities on smaller cellodextrins ranging from cellotriose to cellopentaose, compared to wild-type Cel9V. For instance, this modified Cel9V was found 670-fold more active on cellotetraose than the parent enzyme ( Table 2) . As observed for Cel9E, the specific activity of Cel9V C641W/VNGT increases sharply from cellotriose to cellotetraose, but remains in the same range from cellotetraose to cellohexaose. A significant improvement of the activity on the soluble cellulose CMC and amorphous cellulose PASC was also observed for this variant compared to wild-type Cel9V, for which no activity could be detected (Table 2 ). Nevertheless, on PASC, Cel9V C641W/ VNGT displays a 13 000-fold lower activity with respect to Cel9E, whereas the CMCase activity of the mutant is "only" 550-fold reduced compared to Cel9E.
Characterization of the chimeric enzyme Cel9V-catE
The data obtained above cannot rule out the possibility that other incremental mutations in the CBM4 and/or the Ig-like domain of Cel9V in combination with the mutations of the catalytic domain identified above, may also account for the extremely weak activity of this cellulosomal cellulase. To explore this hypothesis, the N-terminal part of Cel9V (encompassing the CBM4 and the Ig-like domain) was merged to the catalytic domain of Cel9E (and its dockerin). The fusion was made at the sequence "Ala-Arg-Pro-AlaGly-His-Thr" which is identical in Cel9V and Cel9E (located immediately upstream of their catalytic domain and occupying the positions 318-324 and 316-322 in Cel9V and Cel9E, respectively), and leads to the chimeric enzyme Cel9V-catE ( Fig. 1 ) which was overproduced in E. coli and purified. The symmetrical hybrid enzyme in which the N-terminal part of Cel9E (encompassing the CBM4 and the Ig-like domain) was grafted at the same position to the N terminus extremity of the catalytic domain of Cel9V ( Fig. 1) was also designed. Nevertheless, despite multiple attempts using various conditions, the resulting chimeric enzyme termed Cel9E-catV ( Fig. 1 ) formed inclusion bodies in E. coli. Furthermore, our attempts to obtain a renatured chimeric enzyme from the aggregates using protocols based on either ionic liquid [12] , or 8 M urea [13] (see the Materials and methods section) were unsuccessful. The replacement of the native catalytic domain of Cel9V in Cel9V-catE restored a fully active cellulase (Fig. 3J, Table 2 ), displaying activities in the same Assays for determining the specific activity were performed in duplicate at 37°C. The identification and quantitation of the cellodextrins were performed by HPAEC-PAD. range as Cel9E on all tested cellulosic substrates, but with a slightly different activity pattern. Cel9V-catE was for instance more active (up to fourfold on cellohexaose) on all soluble substrates (cellodextrins, CMC), whereas on insoluble cellulose (PASC, Avicel), the wild-type cellulase Cel9E was more efficient. These observations indicate that neither the CBM4 nor the Ig-like domain of Cel9V harbor deleterious mutations, and on the other hand, that Cel9E catalytic domain does not display exactly the same functional relationships with the ancillary domains of Cel9V, despite the high sequence similarity (86%) exhibited by the N termini of Cel9V and Cel9E.
Discussion
Three different hypotheses were formerly suggested to explain the lack of activity of Cel9V [10] : (a) its appropriate (noncellulosic) substrate had not yet been identified, (b) Cel9V requires post-translational modifications that E. coli cannot perform and (c) cel9V may result of a gene duplication and evolved to encode an inactive product. Overall, our data support the last assumption, as a single amino acid substitution and a four-residue insertion enabled us to restore a detectable cellulase activity in Cel9V on various cellulosic substrates. Nevertheless, as this Cel9V variant is still 600-fold less active than Cel9E (or Cel9V-catE) on soluble cellulose, the catalytic domain of Cel9V undoubtedly contains other (less obvious) sequence variations compared to Cel9E that collectively impede the activity. Among the Cel9V amino acids dissimilarities examined in the present study, the most deleterious mutation is the loss of the four-residue sequence ValAsn-Gly-Thr between Asn662 and Lys663.
Our data also indicate that all deleterious mutations that caused the loss of activity on cellulosic substrates in Cel9V are limited to the catalytic domain of the enzyme, since the replacement of the latter by that of Cel9E restored a fully active cellulase. Nevertheless, the resulting hybrid enzyme Cel9V-catE displayed a slightly different activity pattern compared to Cel9E. The fact that the chimeric enzyme was significantly more active on soluble cellulose, but less efficient on insoluble substrates than Cel9E is difficult to explain. To our knowledge the crystal structure of a full "Theme D" cellulase (encompassing the N-terminal CBM4, Ig-like domain, and GH9 catalytic domain)
has not yet been obtained. Thus, for this particular type of cellulase, the functional relationships between the GH9 catalytic domain and the N-terminal ancillary domains (CBM4 and Ig-like module ) have not yet been fully elucidated. Nevertheless, one can assume that the coordination between these ancillary modules and the Cel9E catalytic domain is to some extent different in Cel9V-catE and wild-type Cel9E.
Interestingly, other cellulolytic bacteria, like Ruminiclostridium josui, Clostridium cellobioparum, Clostridium termitidis [19] , or Clostridium acetobutylicum [20] whose genomes are publicly available, also display cel9V-like genes that putatively encode GH9 enzyme exhibiting the same "Theme D" modular organization and lacking the four-residue sequence in the catalytic domain. Nevertheless, in contrast to Cel9V of R. cellulolyticum, which displays an Asn and a Cys at positions 517 and 641, respectively, these proteins harbor the typical Tyr and Trp at the corresponding positions. To our knowledge, only one of these Cel9V-like enzymes (that lacks the 4-residue sequence) produced by C. acetobutylicum was characterized to date. This enzyme called Cel9X, encoded by the gene at locus CA_C0561, was also found totally inactive toward all tested cellulosic substrates [21] , but the characterization of additional Cel9V-like enzymes from other bacteria would indeed provide precious complementary information. The fact that R. cellulolyticum synthesizes another fully active Theme D cellulase could indicate that the cel9E gene was initially duplicated and that subsequent evolution of the copy occurred in R. cellulolyticum, or in an ancestor, to encode an inactive cellulase, possibly in the acquisition phase of new function(s).
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